Abstract: A novel polymer dispersant with a tri-block structure was designed. The tri-block polymer was composed of polyglycerin (PGL) with two dimethylpolysiloxane chains (DMPS) at both ends of the molecular structure. The high dispersibility of the dispersant was confirmed in both a model silica system and a sunscreen formulation. The apparent silica particle size was employed as an index for the dispensability for the dispersants. The novel dispersant showed 5 times more effective than conventional one. The flow properties of a sunscreen formulation containing titanium dioxide with the novel dispersant was Newtonian, indicating that the dispersibility of the dispersant was excellent. On the other hand, the formulation with conventional dispersant showed shear-thinning flow due to aggregation of the powder. These results mean that such a tri-block copolymer would make it possible to develop consumer demanded sunscreens.
INTRODUCTION
It is well known today that UV rays are harmful to the human skin. UVB with a wavelength range of 280 320 nm causes sunburn and may lead to serious skin diseases, such as cancer 1) . Sunscreens act as useful means of prevention from harmful UV irradiation. With the recent recognition of the deterioration of the ozone layer, which provides an effective filter for UV irradiation, results in significantly increased UVB exposure on the ground, increasing the importance of using sunscreens.
Sunscreens generally contain large amounts of inorganic metal-oxide materials as UV-scattering agents [2] [3] [4] . When the metal-oxide powder particles aggregate, they tend to yield an uncomfortable touch and texture to the skin. Additionally, the aggregation of the particles gives an unnatural whiteness to the skin after application. Further, the UV-scattering effect is diminished with developing aggregation among the particles 5) . For example, a device like a bead mill is useful to improve the degree of dispersion, however, the dispersion re-flocculates easily 6) . Although an increased amount of dispersants improves dispersion stability, the overall effectiveness of dispersants does not offer an entirely satisfactory result. Therefore, a high-performance powder-dispersing agent particularly in silicone oil is needed for formulating sunscreens that have both high fluidity and transparency.
Attempts have been made to improve the dispersibility of powder particles in the aqueous phase [7] [8] [9] , because it is rather easier to develop a dispersant for aqueous systems because the aqueous dispersion is stabilized by means of electrostatic repulsion in the aqueous phase 10) . On the other hand, it is quite difficult to achieve good stabilization of dispersion in the non-aqueous phase . Since an electrostatic repulsive force is very weak in the non-aqueous phase, a steric hindrance effect should be used, resulting in a highly complex mechanism 9, 11, 12) . In fact, there only are few examples in the literature of effectiveness in a silicone oil phase.
In recent years, polymers have been introduced which bond covalently to the powder particle surface, and do so both efficiently and densely for improving the dispersibility of powder dispersions [13] [14] [15] [16] [17] [18] . Although this method can be effective for obtaining the high stability of dispersion, a complicated process is required. Consequently, for high dispersibility similar to that obtained using a surface modification process, a method for controlling the molecular structure of dispersants in non-polar solvents like silicone oil was studied. The steric hindrance effect of dimethylpolysiloxane chains may provide good dispersibility to powders in silicone oil. A dimethylpolysiloxane, grafted with adsorption groups such as polyethyleneoxide, can be routinely synthesized; however, it is empirically observed that such polymers have a tendency to make aggregation of the powder particles, and such aggregation is an issue to be improved in the cosmetic industry field.
To avoid particle aggregation, a new dispersant that can prevent bridging is required. For this purpose, a tri-block polymer was selected as the dispersant, namely, polyglycerin (PGL) with two dimethylpolysiloxane chains (DMPS) at each end of the molecule. The PGL chain is expected to function as an adsorption site, and the DMPS chains provide steric hindrance.
MATERIALS AND METHODS

1
Hydrophobically modified fine titanium dioxide particles (TiO 2 ) [TTO-V-4 (Ishihara Sangyo, Tokyo, Japan), Titanium dioxide MT-100TV (Tayca Corporation, Osaka)], dimethylcyclopentasiloxane [KF-995 (Shin-Etsu Chemical, Tokyo)], and other chemicals were used as received. Fumed silica, with a particle diameter of approximately 0.014 nm and a specific surface area of 390 m 2 /g 40 m 2 /g, [Aldrich, Milwaukee, WI, USA], and 1,3,5,7-tetramethylcyclotetrasiloxane ("H-4" abbreviation used hereafter, because the compound has four possible active H atoms) [Shin-Etsu Chemical] were used as received 19) . Hydrophobically modified silica was synthesized as follows. Fumed silica particles were put in a desiccator with a small beaker containing H-4. The desiccator was evacuated to 2.6 kPa (19.5 mmHg) with a diaphragm pump and kept in an oven (70 ) for 24 h. A newly designed dispersant, BAB type tri-block polymer consisting of triglycerin incorporating dimethylpolysiloxane (the degree of polymerization is approximately 60) chains at the both ends, was used as received from ShinEtsu Chemical. The method of synthesis for the BAB polymer is reported previously 20) .
shows the chemical structure of BAB type dispersant. A BgraftA type dispersant consisting of polyethyleneglycol (PEG) and dimethylpolysiloxane was used as the control ( ). The mixture used for rheological measurement was composed of fine TiO 2 particles, dispersants, and dimethylcyclopentasiloxane. The dispersion was dispersed with 50v/v% of glass beads (1 mm f) using a paint-shaker for 1 h. Subsequently, the glass beads were removed.
2
Rheological properties were evaluated using a controlled stress rheometer [AR-1000N (TA Instruments, Newcastle, UK)] with a cone type geometry (4 cm diameter/4˚ cone angle). Shear rate dependence of the apparent viscosity of the dispersion was measured. The particle size and distribution in the dispersion were measured by dynamic light scattering (DLS) method using a Zetasizer Nano (Malvern Instruments, Worcestershire, UK). The transmittance of the dispersion on a glass plate was measured from 280 nm to 700 nm by a spectrophotometer [U-3500 (HITACHI, Tokyo)].
RESULTS
1
To investigate the adsorption behavior of dispersant on 
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the surface of a powder, a model system using hydrophobically modified silica particle was employed. It is expected that the apparent particle size, hydrodynamic size, is directly related to the adsorption behavior of the dispersant. Therefore, the apparent particle size was measured by DLS method. The samples were diluted silica dispersions, which contained BAB or B graft A type dispersant was used for the measurement. The concentration of the silica particles was 100 ppm. The disperse media was dimethylcyclopentasiloxane.
shows the change of the particle diameter in various concentrations of BgraftA and BAB type dispersants. BAB type dispersant needed just around 100 ppm in concentration to obtain good dispersibility. On the other hand, B graft A type one needed over 500 ppm in concentration to achieve the situation as same as BAB 100 ppm. The result showed that BAB type is 5 times more effective than B graft A type in the model system.
2
Flow Properties by Rheological Method
In actual cosmetic product, dispersant has to disperse with a large amount of powder. Therefore, an experiment using a large amount of powder was conducted to determine dispersing capability. To investigate the dispensability of such condensed powder dispersion, rheological measurements were employed. The shear-thinning phenomenon of dispersion can give a useful index for evaluating dispersibility 21) . If the apparent viscosity of the dispersion is highly dependent on shear rate, the powder is likely to flocculate in silicone oil phase. On the other hand, if it behaves like a Newtonian flow, the sample would be well dispersed.
shows the relationship between the shear rate and the apparent viscosity of samples consisting of 35 w/w% TiO 2 (TTO-V-4), 5 w/w% of dispersants (two different types), and 60 w/w% of dimethylcyclopentasiloxane. Since the apparent viscosity of the sample with BgraftA type was dependent on its shear rate, TiO 2 particles were considered to aggregate loosely. In contrast, the sample containing BAB type polymer showed a Newtonian flow, indicating that TiO 2 particles disperse satisfactorily in the medium.
The effect of dispersant amount on its dispersibility was also evaluated.
shows the relationship between the shear rate and the apparent viscosity of samples consisting of 35 w/w% TiO 2 (TTO-V-4), 1.5, 3, 5, or 10 w/w% BgraftA type dispersant, and dimethylcyclopentasiloxane. Although the shear rate dependence of the apparent viscosity of the sample decreased with the increase of the amount of dispersant, a shear-thinning phenomenon was observed in all samples, even the sample containing 10 w/w% of the dispersant.
shows the relationship between the shear rate and the apparent viscosity of sample consisting of 35 w/w% TiO 2 (TTO-V-4), 1. ) was set as the STI.
shows the relationship between the concentrations of the dispersants and the STI. If the STI exhibits a number close to 1.0, the dispersion is considered as a Newtonian flow. The STI of a sample with 1.5 w/w% BAB type was approximately 60, and decreased steeply to almost 1.0 by the addition of a small amount of dispersant (the final concentration: 3 w/w%) without further change with increase amount of dispersant from 3 to 10 w/w%. In contrast, the STI of the sample with 1.5 w/w% BgraftA type dispersant was approximately 70 and decreased to 50 and 17 with the addition of a small amount of dispersant (the final concentration: 3 and 5 w/w%), respectively. The STI was not only close to 1.0, but also increased with the increase in dispersant (the final concentration: 10 w/w%).
UV Scattering Capability and Transparency by
Transmittance Measurement shows the 300 nm transmittance of a thin layer (approximately 10 mm) of dispersion containing 10 w/w% TiO 2 (TTO-V-4), 10 w/w% BAB, or BgraftA dispersant, and 80 w/w% of dimethylcyclopentasiloxane on a quartz plate. The dispersion containing BAB type dispersant shows lower transmittance than that of the BgraftA type dispersant indicating that the BAB type dispersant showed higher dispersibility than that of BgraftA type dispersant.
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3
For the evaluation of the UV-protection capability of a sunscreen containing the BAB type dispersant with TiO 2 (MT-100TV), the transmittance of the thin layer of the sunscreen formula on a quartz plate was measured. shows the 550-nm transmittance of the samples with 20 w/w% TiO 2 with or without 2 w/w% of the BAB type dispersant, resulting in a clear increase in the transparency of the sunscreen due to the BAB type dispersant.
shows the 300-nm transmittance of a sunscreen formula with or without a BAB type dispersant. The transmittance of a formula containing 15 w/w% TiO 2 and 1.5 w/w% BAB type dispersant was almost similar to that containing 20 w/w% TiO 2 without the dispersant. Upon the addition of a small amount of BAB type dispersant, increased UV-protection was obtained, even if it contained a reduced amount of TiO 2 . Therefore, the BAB type dispersant clearly shows high UV-protection capability in an actual sunscreen formula.
DISCUSSION
Although there was no difference in the dispersibility of the silica particles adsorbed both of dispersants in the dilute dispersion, the flow properties in concentrated system and functionality of the sunscreen formulation were quite different. It is expected that the interaction between the particles adsorbed dispersants would be a key point for consideration such phenomenon. The BAB type dispersant has only one adsorption site on a single molecule. One molecule can adsorb on one site of the powder particle surface without intra-molecular interaction. Since both ends of the dispersant are dispersing moieties, the moieties can extend widely with offering a steric hindrance effect, resulting in an excellent dispersibility with just a small amount of the dispersant. With the addition of extra amount of the dispersant, possible inter-molecular aggregations hardly occur, leading to a good dispersibility over a wide concentration range. On the other hand, the BgraftA type dispersant would adsorb on the surface of the powder in ordinal manner such as "loop-tail" style. Although the PEG moieties of the BgraftA polymer are hardly soluble in dimethylcyclopentasiloxane, the moieties may be drafted 
